1992), abrogation of apoptosis (Clarke et al., 1993; Lowe 3 Corresponding author et al., 1993) and, as a result, susceptibility to transformation by dominant oncogenes (Olson and Levine, 1994) . Loss To analyze the involvement of p53-dependent transcripof p53 in tumor cells may be associated with a high level tional activation in normal development and in of resistance to chemo-and radiation therapy and the response to DNA damage in vivo, we created transgenic establishment of metastatic behavior (Lowe et al., 1993 , mice with a lacZ reporter gene under the control of 1994; Nikiforov et al., 1996) . Although the lack of p53 a p53-responsive promoter. Five independent strains does not interfere severely with the program of embryonal showed similar patterns of transgene expression. In development in p53 knock-out mice, it does lead to a high untreated animals, lacZ expression was limited to the incidence of spontaneous cancers (Donehower et al., 1992 ; developing nervous system of embryos and newborn Jacks et al., 1994) . mice and was strongly decreased in the adult brain.
At least some of its p53-mediated effects are determined γ-irradiation or adriamycin treatment induced lacZ by the ability of p53 to act as a transcription factor. After expression in the majority of cells of early embryos stabilization, p53 is translocated into the nucleus where it and in the spleen, thymus and small intestine in adult activates transcription of p53-responsive genes upon bindmice. Transgene expression was p53 dependent and ing to specific DNA sequences in their promoters (Gottlieb coincided with the sites of strong p53 accumulation.
and Oren, 1996) . A number of p53-responsive genes [i.e. The lacZ-expressing tissues and early embryos, unlike p21/waf1/cip1/sdi1 (El-Deiry et al., 1993) , gadd45 (Kastan other adult tissues and late embryos, are characterized et al., 1992) , mdm2 (Wy et al., 1993) , bax (Miyashita and by high levels of p53 mRNA expression and respond Reed, 1995) , cyclin G (Okamoto and Beach, 1994) , IGFto DNA damage by massive apoptotic cell death.
BP3 (Buckbinder et al., 1995) and adenosine deaminase Analysis of p53-null mice showed that this apoptosis (Kondratov et al., 1996) ] have been identified. Their is p53 dependent. These data suggest that p53 activity, activity accounts in part for p53-mediated checkpoint monitored by the reporter lacZ transgene, is the detercontrol (waf1), apoptosis (bax) and feedback of p53 minant of radiation and drug sensitivity in vivo and regulation activity (mdm2) (Gottlieb and Oren, 1996) . In indicate the importance of tissue and stage specificity addition, p53 can suppress transcription from a number of p53 regulation at the level of mRNA expression.
Introduction responses and proliferation. Studies of p53 in vivo or in primary cells are usually limited to analysis of the p53 is a key modulator of stress response (reviewed by accumulation of p53 or induction of p53-responsive gene Gottlieb and Oren, 1996) . The p53 protein turns over products in response to various stresses (Midgley et al., rapidly in normal cells and is stabilized under conditions 1995) . However, the significance of these studies is limited of stress which include DNA damage (Maltzman and because there are several levels of post-translational regu- Czyzyk, 1984; Kastan et al., 1991) , disorganization of lation and modification of p53 (reviewed by Meek, 1994) , microtubules (Tishler et al., 1995) , hypoxia (Graeber et al., making it difficult to link p53 expression with its activity. 1996) and detachment of cells from their natural substrate
The value of the cellular p53-responsive genes (such as (Nikiforov et al., 1996) . The normal function of p53 is waf1) for monitoring p53 activity is also limited since required for control of cell aging (Atadja et al., 1995) . they can be expressed in a p53-independent manner Depending on the cell type, p53 activation results in (Macleod et al., 1995) . growth arrest at one of the cell cycle checkpoints or in In order to obtain an experimental tool for the analysis apoptosis (Michalovitz et al., 1990) .
Functional inactivation of p53, which occurs in most of p53 transcriptional activation in vivo, we created transgenic mice carrying a bacterial β-galactosidase (lacZ) to their progeny were used to establish transgenic strains. Initial characterization of the transgenic mice included: reporter cDNA under the control of a p53-responsive promoter. These mice allowed us to detect easily p53-(i) determination of the patterns of transgene expression in several independently derived strains, (ii) analysis of directed transactivation by histochemical staining and to trace p53 activity through different stages of mouse the association of transgene activity with the expression of p53, and (iii) analysis of correlations between transgene development, under normal conditions and after damaging DNA. We found that p53-responsive lacZ expression is expression and tissue response after genotoxic stress. Heterozygous 6-to 8-week-old males from each founder poor under normal conditions in most embryonal and adult tissues, with the exception of the developing nervous were tested for transgene expression by X-gal staining of tissue samples. Three animals taken from each line were system. Adriamycin or γ-radiation treatment stimulated induction of the transgene in several mouse organs (spleen, untreated, injected with adriamycin (10 μg/g) or γ-irradiated (8 Gy). The mice were sacrificed 24 h after irradiation thymus, intestine) and in most cells of early, but not late embryos, correlating with the p53 mRNA expression, or drug injection and their tissues were tested for β-galactosidase activity by X-gal staining (Figure 2 and degree of induction of p53 in these tissues, and the induction of apoptosis. Both lacZ expression and apoptosis Table I ). Of the organs tested, strong radiation-induced β-galactosidase activity was detected in the spleens and induced by radiation or adriamycin in the spleen, thymus and in 8-to 9-day embryos were p53 dependent. Our data thymus glands of all transgenic strains which, however, differed in the degree of induction and in the background indicate the importance of tissue and stage-specific p53 gene expression, regulated at the level of mRNA, for expression in unirradiated organs. Induction of the transgene by radiation was detected also in the small intestine, radiation and drug sensitivity in vivo.
though a high endogenous background of β-galactosidase in this organ (starting several days before birth and
Results
gradually decreasing for several months) interfered with the analysis of transgene activity. Testis and kidney, Transgene construction and testing in transfected cells in vitro which also displayed a high endogenous background of β-galactosidase, were excluded from further analysis. Two We constructed a recombinant plasmid to express a bacterial β-galactosidase gene (lacZ) in response to p53 of the transgenic strains expressed lacZ in brain and one strain expressed it in skin, although not in an inducible (Figure 1 ). In this plasmid, lacZ expression is controlled by a minimal heat shock (hsp70) promoter located downfashion. The founder of this latter strain carried two independently inherited clusters of transgenes, although stream of two different p53-binding sequences. The upstream sequence ('fragment A') is a 46 bp fragment only one was associated with the skin expression. These two clusters were segregated in the progeny. None of the from a putative replication origin of the human ribosomal gene cluster, selected for p53 binding (Kern et al., 1991) .
transgenic strains expressed lacZ in liver, lung, skeletal muscle or heart. It should be noted that γ-irradiation or The downstream element, 19 bp long, represents a consensus p53-binding sequence (Funk et al., 1992) . Both injection of adriamycin led to similar patterns of lacZ activation and, therefore, only radiation-induced transgene sequences were previously shown to act as p53-dependent transcriptional activators (Funk et al., 1992) . expression is shown. Similarity, the tissue specificity of transgene expression in five independent transgenic lines To test this construct, we transfected it into a clone of mouse Balb 3T3 cells, line 12-1 (a gift of Arnold Levine;
indicates that the observed pattern reflects the properties of the transgene rather than a position effect which, Harvey and Levine, 1991), which is known to have wildtype p53. The resulting cell line (ConA) had a low however, may be responsible for skin expression in one strain. background of lacZ expression under normal growth conditions and showed strong activation of the transgene The induction of lacZ expression was compared with p53 activation in irradiated tissues of transgenic mice. p53 after irradiation or drug treatment as revealed by bright blue X-gal staining in situ or by quantitative β-galactosidexpression was detected by immunohistochemical staining using anti-p53 polyclonal antibodies CM5 (Midgley et al. , ase assays in cell lysates (Figure 1) . The intensity and kinetics of lacZ activation coincided with the stabilization 1995; provided by David Lane). These experiments ( Figure  2 ) demonstrated strong activation of p53 in irradiated of p53 in treated cells; the lacZ response was significantly suppressed in a population of ConA cells transduced by spleen, thymus and bones (also positive for transgene expression) with no or significantly less activation in a dominant-negative mutant of p53 in retroviral vector ; data not shown). These charactermuscles, heart, lungs, skin and liver (tissues with no detectable lacZ activity). Interestingly, lacZ expression istics strongly indicated that the construct is adequate to assay transactivation by p53 and can be used to create was strong in red pulp and hardly detectable in white pulp of the spleen. Thus, inducibility of the transgene by transgenic mice.
γ-radiation or adriamycin correlates with p53 activation. In order to determine whether lacZ transgene expression Creation of transgenic mice and expression of the transgene in the organs of adult animals in vivo is in fact p53 dependent, we crossed our transgenic mice (line #61) with p53-null mice. The F1 generation Linearized pConA plasmid DNA was injected into fertilized zygotes of CD1 mice. The presence of the transgene heterozygous for both the transgene and wild-type p53 was back-crossed with p53 -/-mice. The progeny was in the DNA of the mice that developed from the injected eggs was determined by Southern blot analysis of genomic genotyped and lacZ ϩ p53 -animals were analyzed for lacZ expression after whole-body γ-irradiation. Since no lacZ DNA from the tails. Of the 86 mice tested, nine were positive. Five of the founders that transmitted the transgene transgene expression was detected in p53 -/-animals (data p53 activity in vivo not shown), we concluded that lacZ activation truly reflects outbred CD1 mice, and #61 from inbred FVB/N mice. Both carried multiple copies of the transgene (100-200 p53 activity in vivo.
per genome in #27 and 30-60 in #61), expression of which was strongly activated after γ-irradiation or adriamycin Transgene expression during normal development Mice with p53-responsive lacZ were used to evaluate the treatment in spleen, thymus and intestine of adult animals (see above). We tested transgene expression in embryos activity of p53 in several stages of mouse development. We focused on analyzing two transgenic strains, #27 from and newborn mice. In all experiments, we compared γ-irradiated transgenic mice with wild-type CD1 mice of obvious lacZ expression ( Figure 3A ). However, in 11-day embryos, expression of the transgene was seen in the similar age, allowing us to distinguish transgene expression from the endogenous β-galactosidase activity present in brain and was detected at all later stages of development analyzed (15-, 17-, 19-day embryos and newborn animals). some mouse tissues. Typically, samples of tissues or whole embryos were imbedded in OCT, frozen, cut into 15-25
In prenatal embryos and newborn mice, the most intensive lacZ expression was observed on the surface of the μm sections, fixed and stained for transgene expression. Parallel sections were used to detect p53 expression. thalamic region, in the superficial part of the cerebral cortex, in the cerebellum and in the hypothalamus, though Seven-and nine-day transgenic embryos showed no p53 activity in vivo Table I . Expression of lacZ in organs of non-treated and γ-irradiated mice of five transgenic strains
a High levels of endogenous β-galactosidase expression were detected in kidney, testis and intestine; these organs were excluded from the analysis. b Mice were γ-irradiated (8 Gy) and tested 24 h later. Similar results were obtained with adriamycin (10 μg/g injected 24 h before testing).
not in all cells. In addition to the brain, strong expression part by the activity of the transgene. Extremely strong endogenous β-galactosidase expression did not allow us of the transgene was observed in the whisker pads of untreated newborn mice ( Figure 3B ). No lacZ activity to determine the impact of transgene expression in the gut. was found in the remaining tissues tested, including liver, muscle, lung and heart. Endogenous β-galactosidase
No lacZ expression was detected in most organs of adult transgenic mice. The strong expression seen in the expression in osteoblasts and in the gut, activated in late embryos, complicated the analysis of transgene expression brains of newborn animals was limited to rare sporadic cells in adult brains (data not shown). A small proportion in these organs. Nevertheless, β-galactosidase staining in bones of transgenic mice was significantly stronger than of β-galactosidase-positive cells was found in the spleen and thymus (Figure 2 ). in wild-type animals, suggesting that it was caused in expression confirm the earlier observations of Rogel et al. (1985) and Schmidt et al. (1991) .
p53 dependence of radiation-induced apoptosis in the mouse
The expression of the lacZ transgene and p53 accumulation were compared with the induction of apoptosis in tissues of irradiated mice. Apoptosis was monitored by the appearance of degraded DNA, using TUNEL staining and gel electrophoresis. These experiments (Figure 2 ) revealed that strong activation of the transgene and accumulation of p53 accompanied apoptosis in spleen, thymus and small both red and white pulp of the spleen, though transgene induction was limited to the red pulp (Figure 2) . Hence, the level and cellular distribution of transgene induction Induction of transgene expression by γ-radiation correlates with p53 mRNA expression in mouse does not necessarily correlate with the level of p53 activation and apoptosis. embryos Whole-body irradiation (8 Gy) of the transgenic mice Thus, transactivation of the transgene by radiation in adult mice occurred predominantly in the organs (newborn animals and pregnant females at different stages of gestation) was carried out to analyze the response to responding to γ-radiation by inducing apoptosis and known to be primary targets for radiation and drug toxicity DNA damage at different stages of mouse development. Whole-body sections of embryos and newborn mice were in mammalian organisms. The sensitivity to γ-radiation changes dramatically during embryonal development: late stained with X-gal and compared with similar sections of unirradiated transgenic animals and wild-type mice.
embryos are significantly more resistant to γ-radiation than early embryos (Hall, 1994) , consistent with the lack In 8-to 9-day embryos, β-galactosidase activity was induced by irradiation in the majority of cells, though to of apoptosis in late embryonal tissues as well as the absence of transgene induction (data not shown). In the different extents. The highest lacZ expression was observed in the neural tubes and visceral arches of 9-day early embryos, which are extremely sensitive to γ-radiation (Hall, 1994) , there was complete apoptosis in all the cells, embryos ( Figure 3A) . lacZ expression was strong 3 h after irradiation and reached its maximum after 6 h. Massive as determined by TUNEL staining, accompanied by strong induction of the transgene ( Figure 5) . Coincidence of the cell destruction starting at this time, due to radiationinduced apoptosis (see below) was accompanied by a transgene activation with the sites of apoptosis suggested that p53 is the determinant of radiation and drug sensitivity gradual decrease in β-galactosidase staining, possibly due to the loss of lacZ-expressing cells. It was impossible to in vivo. In fact, the p53 dependence of radiation-and drug-induced apoptosis in normal thymocytes has been analyze embryos 24 h after irradiation since their cells had already lost their integrity. The lacZ transgene was demonstrated before (Clarke et al., 1993; Lowe et al., 1993) providing an additional argument in favor of this constitutively expressed in the decidua layer of the uterus ( Figure 3A) . Unlike embryonal cells, lacZ staining hypothesis. To address it, we compared the apoptotic response to γ-irradiation in tissues of p53-null mice and increased after irradiation and remained bright for up to 24 h, with no trace of tissue degradation.
heterozygous animals carrying one wild-type allele of p53. Both spleen and thymus of p53 ϩ/-mice respond strongly Unlike early embryos, where expression of the transgene was activated in most cells after irradiation, no significant to γ-irradiation resulting, at the macroscopic level, in a dramatic reduction in the size of these organs shortly after differences in lacZ expression were found in γ-irradiated and untreated late embryos and newborn transgenic mice.
treatment. For example, the mass of the spleen is reduced almost 2-fold as early as 10 h after irradiation. At the Instead, γ-irradiation was accompanied by a slight increase in the intensity of staining without changing the pattern of microscopic level, irradiated spleen tissue is characterized by the appearance of numerous morphologically apoptotic tissue distribution of lacZ-positive cells (data not shown).
No lacZ induction was found in γ-irradiated lacZ ϩ p53 -cells, positively stained by TUNEL ( Figure 5 ). Most of the DNA isolated from the spleen at this time is degraded, embryos indicating that, as in adult animals (see above), transgene expression was p53 dependent (data not shown).
showing an 'apoptotic DNA ladder' and similar events occur in irradiated thymus glands of p53 ϩ/-animals (data High expression of the transgene in response to DNA damage correlated with high levels of p53 mRNA expresnot shown). However, none of the above were observed in the spleens or thymus glands of p53-null mice (Figure sion in early embryos. A dramatic reduction of p53 mRNA content, occurring between the 13th and 16th days of 5). Thus, massive radiation-induced apoptosis in lymphoid organs in vivo is a p53-dependent process. development (Figure 4) , was accompanied by the loss of transgene induction. Similarly, strong induction of the In order to study the p53 dependence of radiation apoptosis in early mouse embryos, p53 ϩ/-females, mated transgene in the spleen and thymus of adult mice correlated with high levels of p53 mRNA expression (data not with p53 -/-males, were irradiated during the 9th day of gestation. Six hours later, the animals were sacrificed and shown) and p53 accumulation (see above) in these organs. Our data on tissue and stage specificity of p53 mRNA each embryo was used to prepare tissue sections, which p53 activity in vivo
Discussion
Our goal was to generate an animal model for monitoring p53 transcriptional activation in vivo, a major property of p53, which mediates many p53-related effects. We created transgenic mice carrying a reporter β-galactosidase gene under the control of a p53-responsive promoter with two different p53-binding sequences. The choice of the construct was based on its efficient and specific p53-dependent transcriptional activation, described by Funk et al. (1992) and confirmed during our in vitro testing of transfected cells. We planned to use these mice to determine p53 activity in embryonic and adult tissues under normal and under stress conditions. We hoped that such observations would help in understanding the role of p53 in normal development and in the responses of different cell types and tissues to cytotoxic compounds and physical shock. The value of the transgenic animals as a tool to monitor p53 transcriptional activation in vivo depends directly on the p53 specificity of transgene expression. Considering that this aspect is crucial for the interpretation of our results and for future applications of the transgenic animals, we analyzed the transgene activity (i) in several independent transgenic lines of mice, (ii) under conditions known to affect p53 transcriptional activation (DNA damage), (iii) on a p53-null genetic background and (iv) in a comparison of transgene and p53 expression. Taken together, the results of these studies demonstrated that transgene expression is p53 dependent, correlates with p53 induction in response to DNA-damaging treatments and truly reflects p53 activity as a transcription factor in vivo. A similar conclusion was reached by E.Gottlieb, R.Haffner, A.King, G.Asher, P.Gruss, P.Lonai and M.Oren should be mentioned that the only known developmental Lower gel contains total genomic DNA from individual embryos.
defect associated with p53 deficiency in mice is exence-DNA degradation occurs in p53 ϩ/-but not in p53 -/-embryos. Lower phaly, associated with lethality in up to 16% of female panel: TUNEL staining of the sections of two indicated embryos embryos (Sah et al., 1995) . Additional studies are needed (p53 ϩ/-and p53 -/-).
to determine whether there is a mechanistic link between transgene activation and the occurrence of these were analyzed for apoptosis by TUNEL staining. DNA lesions.The detailed characterization of the topography was also isolated from the tissues of each embryo and and dynamics of lacZ expression in different brain areas analyzed by agarose gel electrophoresis to monitor the is the subject of future analysis. However, it is already DNA degradation associated with apoptosis. The genotype clear that the neurons and neuroblasts stained positive for of each embryo was determined by PCR ( Figure 5 ). The β-galactosidase activity were clustered in several specific results obtained showed a complete coincidence between areas, with no correlation with the TUNEL-detectable the p53 status of the embryo and the induction of apoptosis: apoptosis normally ongoing in the developing nervous in all p53 ϩ/-embryos strong DNA fragmentation, accomsystem (Raff et al., 1993) . panied by the morphological appearance of apoptosis, was lacZ transgene expression was induced in several sites in detected by both methods, while in p53-null embryos both transgenic mice after γ-irradiation or adriamycin treatment. DNA and tissue morphology remained unchanged. These
The response was found in early embryos and in the results strongly indicate that the high sensitivity of early spleen, thymus and small intestine of adults. Other adult mouse (and probably other mammalian) embryos to radiorgans as well as cells of late embryos did not show any ation is determined by p53, which is necessary to induce apoptosis in the irradiated cells.
lacZ induction. What is common among all these sites of the transgene induction? They are all characterized by: extreme sensitivity of the cells of early embryos to apoptosis requires efficient induction of p53 in response (i) very high levels of p53 mRNA expression ( Figure 5 ; Rogel et al., 1985; Schmidt et al., 1991) , (ii) strong to DNA damage. Such efficient induction is made possible by very high levels of p53 transcription observed during accumulation of p53 after DNA damage (Midgley et al., 1995; McCallum et al., 1997; present work) and (iii) a the first half of embryonic development (Rogel et al., 1985; Schmidt et al., 1991; present work) . Large amounts rapid apoptotic response to irradiation. The correlation among high transgene activation, p53 expression and of p53 mRNA maintain high levels of p53 protein synthesis and allow for quick accumulation of p53 by protein apoptosis in these organs suggested that their high radiosensitivity was p53 dependent. In fact, no apoptosis or stabilization in response to DNA damage. p53 mRNA expression in embryos declines rapidly in the middle of morphological changes were induced by radiation in the spleens or thymus glands of p53-null mice, showing gestation (Rogel et al., 1985; Schmidt et al., 1991; present work) accompanied by the loss of sensitivity of embryonal that the radiosensitivity of these tissues is indeed p53 dependent. p53 dependence of apoptosis in the thymus is cells to p53-mediated apoptosis. The level of p53 mRNA expression remains very low in the majority of adult in agreement with the earlier observations by Clarke et al. (1993) and Lowe et al. (1993) showing p53-dependent tissues, with the exception of organs such as spleen, thymus and intestine which maintain embryonal levels of apoptosis in normal thymocytes in vitro caused by DNA damage.
p53 expression and high sensitivity to apoptosis. It should be mentioned that a return to the embryonal It was appreciated long ago that early mammalian embryos are characterized by a hypersensitivity to program of gene regulation is a common characteristic of neoplastic tissues (Abelev, 1989) . If up-regulation of the γ-radiation that gradually decreases during organogenesis (8-13 days) in mice. After the 13th day of development, p53 gene occurs as a result of this switch, it could determine high radiation and drug sensitivity of tumor the embryos are no longer hypersensitive to radiation (Hall, 1994) . Our data elucidate the mechanism of this cells used as a basis for anti-cancer therapy. Monitoring of p53 activity in the tumors induced in our transgenic long-known phenomenon. We noticed that both transgene induction and apoptosis are dramatically decreased in the mice may provide an experimental system to address this hypothesis. middle of embryonic development, consistent with the known switch in radiosensitivity. The results of comparing the p53 -/-and p53 ϩ/-embryos ( Figure 5 ) provided a clear
Materials and methods
argument that the radiosensitivity of early embryos is determined by p53-mediated apoptosis. The significant (Figure 4 ; Rogel et al., 1985; Schmidt et al., of the resulting clones, ConA, which demonstrated the highest inducibility 1991) is likely to be the basis for this effect. This indicates of lacZ in response to UV irradiation or adriamycin, was used for further studies. The ecotropic retroviral packaging cell line BOSC23 (Pear et al., that developmental and tissue-specific p53 gene regulation It is unclear whether p53-mediated transcriptional it by PCR, using primers for the β-galactosidase gene, and by Southern activation plays an active role in determining radiation analysis using the plasmid as a probe. sensitivity and apoptosis in vivo or whether it is just a marker indicating where p53 is active. In fact, p53 p53 knock-out mice transactivation is dispensable for the induction of apoptosis p53-null mice were kindly provided by Tyler Jacks (Massachusetts Institute of Technology, Boston, MA) (Jacks et al., 1994) . The genotype in some cells (Caelles et al., 1994; Wagner et al., 1994;  of the progeny obtained by crossing the p53-null mice with wild-type Haupt et al., 1995) . This may be the case in the spleen, or transgenic animals was determined by PCR, to distinguish between where the red and white pulps strongly differ in transgene the wild-type and knock-out copies of p53. A mixture of three primers activity but induce p53 expression and apoptosis similarly was used, including two sense-oriented primers from exon 6 of p53 (5Ј after irradiation. (Norimura et al., 1996) . The mechanism of p53 activity in vivo sacrificed later and their tissues were analyzed for transgene activity, Atadja,P., Wong,H., Garkavtsev,I., Veillette,C. and Riabowol,K. (1995) Increased activity of p53 in senescing fibroblasts. Proc. Natl Acad. p53 expression and apoptosis.
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